ABSTRACT Native soybean lectins (SBL) could potentially have deleterious effects on young animals. The objectives of this study were to determine the optimum processing temperature and time at which SBL is inactivated and to investigate the possibility of using urease activity (UA) to predict residual lectin levels in soybean meal (SBM). Raw defatted SBM was steam-heated at incremental temperatures between 90 and 120°C for 5 to 20 min in an autoclave. The processed meals were subjected to native-PAGE and measurement of total carbohydrate-binding lectin (TCBL), agglutinating lectin (AL), UA, and trypsin inhibitor (TI). Processing severity was evaluated by determining protein solubility in 0.2% potassium hydroxide. Results indicated that levels of all antinutrients (TCBL, AL, UA, and TI) decreased with increas-
INTRODUCTION
Soybean products are the major plant protein supplements used in poultry feeds due to their ready availability, high protein content, and relatively well-balanced amino acid profile. The presence of antinutrients in the raw seed or meal prevents their direct use in animal diets. Commercial soybean products commonly used in poultry feeds include solvent-extracted desolventized-toasted soybean meal (SBM), extruded-expelled SBM, and expanded or extruded full-fat SBM.
Commercially processed desolventized-toasted meal is produced by removing oil from the seeds with a solvent (usually hexane) and subsequent desolventization and toasting of the defatted meal at about 80 to 100°C using steam (Mustakas et al., 1981; Marsman, 1998) . The extruded-expelled meal is a relatively new commercial 2003 Poultry Science Association, Inc. Received for publication February 25, 2002 . Accepted for publication October 14, 2002. 1 To whom correspondence should be addressed: fasinyo@ acesag.auburn.edu.
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ing processing temperature (P < 0.05). The intensity of the lectin band on the electrophoresis gel was considerably reduced when meal was heated at 100°C for 5 min. This result implied that lectin inactivation occurred at 100°C. More than 90% of all the original antinutrient levels in the raw meal were destroyed when meals were heated at 100°C for 5 min. Meals processed at 100°C for 5 to 20 min had protein solubility values (80 to 85%) indicative of adequate processing. The denaturation pattern of UA was highly correlated with that of SBL (r ≥ 0.73), indicating that UA could be used for monitoring lectin levels in commercial meals. We concluded that UA of 0.03 to 0.09 units of pH change are indicative of adequately processed meals that contain negligible lectin levels.
product produced by dry extrusion of whole soybeans at approximately 130°C, followed by immediate expelling of the extrudate during a single pass through the expeller (Nelson et al., 1987; Wang and Johnson, 2001 ). The resulting meal is similar to the desolventized-toasted meal in protein content and quality but higher in oil (Table 1) . The extruded or expanded full-fat meal is produced by wet extrusion or expansion cooking of whole soybeans at approximately 100 to 130°C and subsequent drying and grinding of the beans (Wetscherek, 1998; van Zuilichem et al., 1998; Navarro et al., 2001 ). These three processing technologies are moist heat treatments that are effective in reducing antinutrient levels in raw soybeans (Table 1) .
Trypsin inhibitors (TI) and lectins are the major antinutrients in raw soybeans due to their high concentration and the severity of the growth-depressing effects they cause in animals (Grant, 1989; Liener, 1994) . A high-quality (highly digestible) SBM requires low residual activities Nelson et al. (1987) .
4 Zhang et al. (1993) .
5 Maenz et al. (1999) . 6 Araba and Dale (1990b).
7 Qin et al. (1996) . 8 NA = data not available.
of TI and urease. Because destruction of TI activity during desolventizing-toasting is highly correlated with destruction of urease activity (UA), meal quality during production of commercial SBM is usually monitored by measuring UA. Although there is no officially recommended minimum level of TI in commercial meals processed for poultry consumption, it is generally accepted that change in UA of between 0.02 and 0.2 pH units is indicative of safe TI levels for poultry (Mian and Garlich, 1995) . Currently, there is no standardized assay for monitoring the lectin levels in commercial meals. Lectins are glycoproteins that have at least one noncatalytic domain (or carbohydrate-binding site) that binds reversibly to specific mono-or oligosaccharide receptors on cells (Peumans and Van Damme, 1995) . Soybean lectin (SBL) specifically binds to terminal N-acetyl-D-galactosamine with greatest affinity and to a lesser extent with D-galactose (Clarke and Wiseman, 2000) . Plant lectins can be classified as agglutinating or non-agglutinating lectins depending on the degree of denaturation . Agglutinating lectins (AL) are native or non-denatured plant lectins that have intact quaternary structure and exist as dimers or tetramers with multiple carbohydrate-binding sites, thus having the potential to bind and agglutinate cell membranes (Peumans and Van Damme, 1996) . On the other hand, non-AL are partially denatured lectins that have only one carbohydrate-binding site and therefore can only bind but not agglutinate cells . Because both groups of lectin have at least one carbohydrate-binding site, they are collectively referred to as carbohydrate-binding lectins. Ingested lectins can bind and agglutinate enterocytes in the brush border membrane, thereby causing antinutritional effects such as disruption of the brush border membrane, loss of brush border enzymes, and reduced nutrient digestibility in animals (Liener, 1994) . These harmful effects of SBL have been well established in laboratory animals such as rats and mice (Liener, 1953; Grant et al., 1987; Pusztai, 1991; Bardocz et al., 1995) . Variability of lectin levels in commercial SBM is caused by differences in the variety, origin, and storage of the whole beans (Wright, 1981) and by variability in the processing techniques and conditions (moisture, temperature, and time). Combination(s) of these factors have resulted in the production of commercial meals that have variable lectin levels. Recently, Maenz et al. (1999) reported the presence of variable residual lectin activity among samples of commercially processed meals (0.2 to 0.6 mg SBL/g meal). The potential of animal diets containing SBM to cause lectin toxicity is dependent on the level of residual lectin in the meal and dietary inclusion levels of the meal. Thus, it is imperative to routinely monitor lectin levels in commercial SBM to ensure that these meals contain negligible amounts of lectin prior to their inclusion in animal diets. It would be economical if an existing quality assurance assay, such as UA measurement, could be used to predict lectin levels like it is used to routinely monitor TI levels during the production of commercial SBM. This measurement is possible if urease and SBL exhibit similar sensitivities to denaturation by moist heat treatment.
Besides monitoring levels of antinutrients, assessment of other measures of meal quality is also of paramount importance. An adequately processed SBM refers to a meal that has been processed to contain low or negligible amounts of antinutrients without overheating and causing reduced protein digestibility. Excessive heat treat-ment typically results in amino acids such as lysine being made nutritionally unavailable due to its derivatization by Maillard reactions (Parsons et al., 1992; Marsman, 1998) . Protein solubility in KOH is a good measure of protein denaturation and has been used as an indicator of under-and overprocessing of SBM for poultry (Araba and Dale, 1990a,b; Parsons et al., 1991) .
The objectives of this study were to determine the optimum processing temperature and time at which SBL is inactivated and to investigate the possibility of using UA measurement to monitor lectin levels in commercially processed meals. To achieve this objective, ground, defatted raw soybeans were adjusted to 20% moisture and steam-heated at predetermined temperatures and time in an autoclave. The processed meals were subjected to electrophoretic analysis and measurement of lectin content, UA, and TI. The degree of processing was evaluated by measuring protein solubility in KOH.
MATERIALS AND METHODS

Raw soybeans
2 were ground (0.5 mm screen 3 ) and defatted with hexane. The defatted meal was adjusted to 20% moisture (by analysis 17 to 22%) and refrigerated for 3 h for moisture equilibration to occur. Subsequently, the meal was divided into 17 portions and spread on Fisherband qualitative (P8) filter papers 4 to a depth of ≤ 1 cm. Each portion was steam-heated at a specific temperature and time combination. Temperatures and pressures used varied between 90 and 120°C and 0.2 to 16.5 psi, respectively, over a period of 5 to 20 min. A second batch of defatted meal was prepared and subjected to similar processing temperature and time treatments, so that we had two replicate samples per treatment. Crude protein extracts were prepared from the processed meals as previously described by Maenz et al. (1999) . The extracts obtained were each filtered through a Whatman GF/A filter paper 4 to remove particulate matters and then aliquoted and kept frozen (−20°C) until electrophoretic analysis, antinutrient (lectin, urease, and TI) measurements, and determination of protein solubility.
Elucidation of SBL Denaturation Process
Filtered protein extracts were subjected to non-denaturing PAGE (native PAGE) and Western blot analysis in order to determine the combination of processing temperature and time at which SBL was inactivated and to identify lectin denaturation products formed in SBM with increasing processing temperature and time. Each sample (50 µL) was mixed with 50 µL of Tris-glycine sample buffers. prepared samples along with marker proteins 6 that have published isoelectric points (Table 2) were electrophoresed in pairs of 6, 10, 12, and 14% polyacrylamide gels buffered with Tris-glycine. 5 After electrophoresis, one gel was stained with colloidal Coomassie blue 5 to visualize protein bands, while the proteins on the second gel were transferred onto a polyvinylidene difluoride (PVDF) membrane 5 for Western blotting. After transfer of proteins, the PVDF membrane was processed for immunodetection of SBL bands. The remaining free protein-binding sites in the membrane were blocked overnight at room temperature using a 3% solution of nonfat dry milk. After blocking, the membrane was washed three times with phosphate-buffered saline containing 0.02% Tween, incubated overnight at room temperature with polyclonal rabbit anti-SBL antibody 6 (1:2,000 dilution), and washed again (3×) to remove unbound antibody. The bound antibody was detected by incubating the membrane with goat anti-rabbit IgGhorseradish peroxidase conjugate 6 (1:2000 dilution) for 3 to 4 h. The membrane was washed again, and peroxidase activity was detected by addition of horseradish peroxidase substrate solution 7 (1 mL diaminobenzidine added to 9 mL H 2 O 2 ). Thus, SBL-positive bands became visible on the PVDF membrane. The processing temperature and time at which SBL band became considerably reduced was determined. In addition, the native gel and membrane were visually assessed for the presence of lectin denaturation products.
Measurement of Total CarbohydrateBinding Lectin Content by Affinity Chromatography
The filtered protein extracts were subjected to carbohydrate-specific affinity chromatography at 4°C according to the procedures of Maenz et al. (1999) . Briefly, extracts were individually applied onto an affinity column containing N-acetyl-D-galactosamine resin. The resin specifically binds to any SBL present in the extract, and unbound proteins are washed off with 0.9% saline. The bound lectin was eluted from the column with 0.14 M galactose in saline solution, and the affinity eluent was collected. The affinity eluent contained total carbohydrate-binding lectin (TCBL; pure) and galactose in saline. Thus, SBL was the only protein present. The TCBL isolated from each sample was quantified by measuring the protein content (modified Lowry protein assay 6 ) of each eluent collected.
Measurement of ALContent by Brush Border Lectin Agglutination Assay
Eluent samples obtained from affinity chromatography were further subjected to gel filtration at 4°C and the brush border lectin agglutination (BBLA) assay . Each sample was applied onto a sephadex G-10 column in order to separate TCBL from galactose and to exchange the 0.9% saline buffer with deionized water. Void volumes (containing TCBL and deionized water) were collected, assayed for protein (modified Lowry protein assay 6 ), and kept frozen. The AL in the frozen void volumes were then quantified using the BBLA assay. Chick brush border membrane vesicles were prepared for the BBLA assay as previously described by Maenz and Engele-Schaan (1996) and kept frozen in liquid nitrogen. At assay, the membrane vesicles were thawed and incubated with the lectin-containing void volume samples for agglutination to occur . Thus, the proportion of TCBL present as AL in each meal sample was determined. lane 2 = raw SBM; lanes 3 to 5 = SBM processed at 90°C for 5, 10, and 15 min, respectively; lanes 6 to 8 = SBM processed at 100°C for 5, 10, and 15 min, respectively; lanes 9 to 11 = SBM processed at 110°C for 5, 10, and 15 min, respectively; lane 12 = SBM processed at 120°C for 5 min. Native soybean lectin (SBL) in each sample decreased with increasing processing temperature.
Evaluation of Processing Severity in the Meals
Processed meals were assessed for quality by measuring the levels of UA and TI present in the filtered protein extracts. UA was expressed as an increase in pH units according to the procedures of the American Oil Chemists Society (1980). TI was reported as the milligrams of bovine trypsin inhibited by 1 g of SBM (Mian and Garlich, 1995) . Severity of heat treatment was evaluated by measuring protein solubility in 0.2% KOH according to the procedures of Araba and Dale (1990a,b) . 
Statistical Analysis
The general linear models procedure of SAS software (SAS Institute, 1994) was used to determine whether processing temperature and time had any significant effect on reducing the levels of antinutrients in the processed meals. Standard errors of the means obtained for all parameters measured are depicted in Figures 3 to 6 . In addition, we used correlational analysis (SAS Institute, 1994) to compare the sensitivity of urease, TI, and protein solubility to heat treatment at 90 and 100°C with that of SBL and determined whether UA could be a good predictor of lectin levels in the processed meals.
RESULTS AND DISCUSSION
Among the soybean products used in poultry feed, the defatted, desolventized-toasted SBM is still the most commonly used. Hence, we decided to use steam-heated SBM processed at conditions that approximate the desolventizing-toasting process for our experimental purposes. In the desolventizing-toasting process, raw soybeans are cracked, flaked, defatted with hexane, and then desolventized with steam. The defatted meal containing approximately 20% moisture is then toasted at temperatures ranging from about 85 to 100°C for about 20 min (Mustakas et al., 1981; Bernardini, 1985) . Similarly, we ground the soybeans to reduce particle size, then defatted the resulting flakes with hexane, and equilibrated the flakes to 20% moisture with deionized water prior to steamheating with an autoclave. Processing temperatures between 90 and 120°C were chosen to produce a range of under-to overtoasted meals within 5 to 20 min. Desolventizing-toasting technology and autoclaving are moist heat treatments that are effective in inactivating antinutrients (Mustakas et al., 1981; Araba and Dale, 1990b) . For instance, Friedman et al. (1991) observed that TI activity reduced from 7,136 TI U/g in the raw meal to 3,933, 1,058, and 1,030 TI U/g when defatted commercial SBM was autoclaved at 121°C for 10, 20, and 30 min, respectively.
Native PAGE is a non-denaturing type of electrophoresis. As such, we believe that lectin denaturation products, already present in the extracts obtained from our processed meals, were not considerably altered by this analysis. Thus, the electrophoretic profiles (Figures 1 and 2 ) obtained in this study depicted all the lectin denaturation products in the processed meals. Furthermore, separation of proteins on a native polyacrylamide gel is based mainly on differences in net molecular charge (Bollag et al., 1996) . Hence, we selected proteins that had isoelectric points (pI) similar to that of SBL as molecular weight markers ( Table 2) . Evaluation of the native gel (Figure 1 ) and Western blot membrane (Figure 2 ) revealed that as processing temperature increased, the intensity of the native SBL band decreased in meal samples and was considerably reduced in SBM processed at 100°C for 5 min.
The main denaturation products observed in these processed meals were aggregated lectins, with no subunit formation observed. The aggregated lectins are shown as the positive stained bands at the top of sample lanes (Figure 2) . Typically, protein denaturation begins with unfolding or dissociation of the protein quaternary structure into constituent subunits (the tertiary structures), which in turn associates through intermolecular interaction to form aggregates of irreversibly denatured mole- cules (Boye et al., 1997) . The protein aggregates then crosslink by specific or nonspecific bonding such as multiple hydrogen bonds and sulfhydryl-disulfide interchange along the protein strands to form insoluble gels (Kilara and Harwalker, 1996; Boye et al., 1997) . In this study, the denaturation pattern observed for SBL was such that as processing temperature increased, the native SBL unfolded and dissociated into subunits, which almost immediately formed aggregates with other lectin subunits or proteins upon cooling.
The absence of subunit forms in the meal extracts may be due to rapid interaction of the subunits with other compounds in the extract to form aggregates. It is, however, interesting to note that a SBL subunit band was detected in the purified lectin sample (Figure 2, lane 1) . Formation of these subunits might have occurred due to denaturation of the pure lectin during the freeze-drying (lyophilization) stage of commercial lectin production. Proteins may undergo some denaturation during freezedrying (Scopes, 1994) . Denaturation products of SBL may vary depending on whether the sample being analyzed FIGURE 6. Effect of processing temperature and time on 0.2% KOHsoluble protein content in soybean meal. is a purified lectin or a mixture of compounds as in the case of the SBM extracts used in this study. Both agglutinating and non-AL have at least one carbohydrate-binding site that can bind specifically to their target carbohydrate in an affinity column. As such, Maenz et al. (1999) used an affinity column containing N-acetyl-D-galactosamine resin specific for SBL to measure the amount of TCBL in commercial meal samples. Similarly, protein extracts in this study were subjected to affinity chromatography using a column that contained N-acetyl-D-galactosamine resin. Isolation of SBL by affinity chromatography, followed by measurement of protein content in eluents collected, provided a measure of TCBL in each sample. Levels of TCBL decreased with increasing processing temperature (Table 3 ; Figure 3 ).
Agglutinating abilities of lectins have enabled quantification of AL by using the BBLA assay developed by Irish et al. (1999) . The assay measures the proportion of TCBL that is present as AL in any given feed ingredient. The use of chick brush border vesicles for the BBLA assay was appropriate in this study because our target species was poultry. As with TCBL, the levels of AL decreased with increasing processing temperature (Table 3; Figure  4 ). The non-agglutinating portions of the TCBL are probably the partially denatured lectin in the form of subunits or aggregated lectin that have only one carbohydratebinding site and, thus, cannot agglutinate cells.
The level of TCBL in the raw meal (2.68 mg/g meal) was reduced by 95% to negligible amount (0.13 mg/g meal) when SBM was heated at 100°C for 5 min (Table  3 ; Figure 3 ). The levels of AL in the raw meal (1.35 mg/ g meal) became negligible (0.04 mg/g meal) when SBM was processed at 90°C for 15 min (Table 3; Figure 4 ). These results reinforced and complemented our findings with the electrophoretic analysis, which indicated that SBL was inactivated when the SBM was heated at 100°C for 5 min. Only processing temperatures had a significant effect (P < 0.05) in decreasing TCBL and AL levels in the meals. Heat energy breaks hydrogen and peptide bonds in lectins, thereby resulting in uncoiling of the molecular chain and subsequent loss of lectin activity (Agarwal, 1984) .
The nutritional significance of non-AL and AL levels in processed meals lies in their relative toxicity to animals. AL can be referred to as polyvalent due to its multiple carbohydrate-binding sites, whereas non-AL are univalent and have only one binding site. Maenz et al. (1999) speculated that polyvalent lectins may induce toxic effects in animals by damaging the intestinal epithelium upon binding to and agglutinating the enterocytes, whereas simple binding of univalent lectins to the brush border membrane may not be sufficient to induce damage to cells. Thus, the relative proportion of univalent to polyvalent lectins in feed ingredients is a good indicator of potential toxicity of the product in question. In general, the higher the lectin levels in commercially processed meals the greater the potential toxicity of the poultry or animal diet in which they are included.
Urease, an enzyme in soybeans, can cause ammonia toxicity in ruminants fed diets containing urea (Wright, 1981) . Although it has no physiological function or consequence in monogastric animals, it is usually desirable to reduce UA to very low levels in soybean products intended for poultry. Feed manufacturers (or commercial soybean-processing plants) generally consider SBM with a residual UA of 0.1 U change in pH as satisfactory and safe for inclusion in animal feeds (Mustakas et al., 1981) . Today, UA measurement is the analysis most widely used to correlate processing conditions with improvement in protein quality and reduction in antinutrient levels. This is due to the simplicity of the assay compared to the cumbersome analytical procedures required for measuring each antinutrient. In this study, UA in the raw meal (2.37 pH U) was reduced to 0.031 U of pH change when SBM was heated at 100°C for 10 min (Table 3, Figure 5 ). Autoclaving temperature and time had significant effects (P < 0.05) in reducing UA levels in processed meals. It appears that UA exhibited a similar denaturation pattern to TCBL since they were both inactivated at 100°C. Only trace amounts of TCBL (0.11 mg/g meal) were left in the meal when UA was 0.031 U of pH change.
Correlational analyses of the parameters measured are presented on Tables 4 and 5 . Analysis was carried out only on data obtained at 90 and 100°C because most of the changes in the levels of antinutrients occurred at these temperatures. At 90°C (Table 4) , the rate of denaturation of UA was more positively correlated with SBL (TCBL; correlation coefficient; r = 0.731; P = 0.0164) than with TI (r = 0.663; P = 0.0638). However, at 100°C (Table 5) , the denaturation patterns of TCBL and TI correlated to similar degrees (r = 0.998, P = 0.0001 for TCBL; r = 0.996, P = 0.0001 for TI) with that of UA. Thus, like TI, the denaturation pattern of SBL closely paralleled that of UA, indicating that UA could be used to routinely predict and monitor residual lectin levels in commercially processed SBM.
Protein solubility of the processed meals in 0.2% KOH decreased with increasing processing temperature (Table 3; Figure 6 ). This reduction in solubility is due to the uncovering of water-repelling hydrophobic groups during denaturation (Cheftel et al., 1985) . Protein solubility decreased from about 90% in the raw meal to less than 66% in meals heated at 110°C or higher. According to Araba and Dale (1990b) , protein solubility values between 70 and 85% are indicative of adequately processed meals for poultry. Their findings have been used by some authors to assess SBM quality (Marsman et al., 1995; Wang and Johnson, 2001) . Similarly, in this study, meals heated at 100°C for 5 to 20 min were adequately processed because they had protein solubility values of between 80 and 85%. In addition, about 90% of all the original antinutrient levels present in the raw meal were destroyed when the meals were heated at 100°C for 5 min (Table 3 ; Figures  3 to 6) .
The main objective of this study was to determine the processing temperature and time at which lectin content is reduced to negligible amounts without compromising the protein quality of the meal. When raw SBM was heated at 100°C for 5 min, UA was 0.088 U of pH change, lectin level was negligible (0.13 mg/g meal), TI was reduced by 90% (4.88 mg/g meal), and protein solubility was indicative of adequate processing (84.1%) of the meal for poultry. The antinutrient levels and protein solubility values reported for raw SBM and the adequately steamheated meals in this study were comparable to the values reported in the literature (Table 1) .
In summary, the results of this study indicate that steam-heating SBM (adjusted to 20% moisture) at 100°C for 5 to 10 min is sufficient to inactivate lectin activity. In addition, UA can be used to monitor lectin levels during SBM processing because both proteins exhibit similar sensitivities to heat treatment. The UA of 0.031 to 0.088 U of pH change are indicative of adequately processed meals that contain very low lectin levels.
